Abstract In adolescent idiopathic scoliotic girls, postural imbalance is attributed to a sensory rearrangement of the motor system on the representation of the body in space. The objectives of this study were to test if the anteroposterior (AP), mediolateral (ML) and resultant body-head and trunk center of mass (COM) horizontal offsets were similar in able-bodied and scoliotic girls and if these offsets were related to the center of pressure displacements. A total of 21 adolescent idiopathic scoliosis girls and 20 ablebodied girls participated in this study. Their body COM position and that of the head and trunk were estimated according to Damavandi et al. (Med Eng Phys 31:1187-1194 , 2009 ). The COP range and speed in both AP and ML axes were calculated from force plate measurements in quiet standing. The AP offset of the ablebodied group was anterior to the body COM by 11.0 ± 15.9 mm, while that of the scoliotic group was posterior to it by -17.3 ± 11.2 mm. The able-bodied group maintained their head-trunk segment COM more to the right by 14.1 ± 13.1 mm, while that of the scoliotic group was nearly over their body centerline. The scoliotic girls presented higher values for COP range and COP speed than the able-bodied girls. The resultant COM offset was correlated with both the ML COP range and speed only for the scoliotic girls. The small ML COM offset in the scoliotic girls was attributed to a compensatory action of the spinal deformity in the frontal plane resulting in a backward resultant COM offset to regain postural balance concomitant to an increase in the ML neuromuscular demand.
Introduction
Though adolescent idiopathic scoliosis (AIS) is characterized by a lateral deviation of the spine with resulting geometric changes in the trunk [2, 3] and rib cage [4] , standing imbalance was reported by Sahlstrand et al. [5] and Byl and Gray [6] . Standing ability is usually defined by the amount of body sway when a subject is standing on a force plate [7] . The control of the center of mass (COM) with respect to the base of support is dependent on the point of application of the ground reaction forces known as the center of pressure (COP). The displacement of the COP is considered as a measure of body neuromuscular demand to maintain standing stability [8] . In AIS, postural imbalance was attributed to a sensory rearrangement of the motor system on the representation of the body in space [9] . Though the center of mass is the balance point of the body and the single best indicator of a body's position, Engsberg et al. [10] stressed that the position and orientation of major body segments such as the trunk could play a more critical role in preoperative decision and evaluating efficacy. To our knowledge, the relationship between the body center of mass and that of the trunk to standing balance is still to be ascertained in AIS.
According to Gauchard et al. [11] , the type and location of the spinal deformity modify balance control where patients with double major curves are more stable than those with lumbar curve. They concluded that the location of the major curve is not only important, but also had an effect on lateral upright disequilibrium. Interaction between standing posture and balance was documented by Nault et al. [12] who suggest a dysfunction in the postural regulation system of scoliotic subjects. Allard et al. [13] reported that postural responses appeared to be dependent on body somatotypes and in particular that ectomorphic girls had a tendency to lean further back favoring a hypokyphotic trunk attitude, increasing the risk of spinal deformity progression. These observations on spinal deformity and body shape alterations that modify trunk COM position imply a change in the body center of mass position that could perturb standing balance.
Using magnetic resonance imaging, Engsberg et al. [10] first reported values for the whole body COM in three scoliotic adults. They observed that the restoration of the coronal and sagittal plane body COM balance could be used to assist surgical planning and help assess surgical outcomes. Damavandi et al. [14] reported in a group of 21 AIS girls and in a comparable group of 20 able-bodied girls a greater horizontal COM offset in scoliotic girls. This offset was defined as the difference between the COM of the whole body minus that of the head and trunk segment. Nonetheless, they did not discuss if this COM offset could be linked to standing imbalance in AIS.
It is hypothesized here that an increase in the horizontal COM offset exacerbates standing balance requiring a greater neuromuscular demand in scoliotic girls. The objectives of this study were to test if the anteroposterior (AP), mediolateral (ML) and resultant COM offsets were similar in able-bodied and scoliotic girls and if these offsets were related to the center of pressure displacements.
Method
A total of 21 girls were diagnosed with adolescent idiopathic scoliosis by an orthopedic surgeon according to the criteria defined by Bunnel [15] . Their mean age, height and weight were 11.7 ± 3.1 years, 148.4 ± 17 cm and 40.0 ± 13.3 kg, respectively. All subjects had a right thoracic curve and none was under active treatment that could influence their standing balance. It was important to have a group of scoliotic subjects who displayed a wide range of Cobb angle to establish a relation between the COM offsets and standing balance parameters. Cobb angle varied from 5°to 28°reflecting a mean value of 13.5°± 5.5°. A similar group of 20 girls formed the control group and none had any form of scoliosis and all were in general good health. This group was comparable in age (12.5 ± 1.3 years), height (156.3 ± 7.7 cm) and weight (43.7 ± 6.9 kg) to the scoliotic group. All the girls and their parents signed the informed consent form approved by the hospital ethics committee.
The procedure to estimate body COM position and that of the head and trunk is based on the work of Damavandi et al. [1] . First, the COM of the whole body is calculated. With the subject standing on the force plate (AMTI, Model OR6-5, Newton, MA), data were collected at 60 Hz for a period of 5 s and then filtered using a fourth-order low-pass Butterworth filter with a 6 Hz cutoff frequency [16] . The mean COP anteroposterior and mediolateral positions were calculated from the forces and moments measured by the force plate. These values correspond to the whole body COM [17] . The position of the COM with respect to the feet or its height is obtained by the reaction board method. This method requires that the subject lies on a heavy and rigid board supported at one end by the force plate and a triangular support at the other end. Using the equilibrium equations, the body COM is estimated within a 1% difference to that of the standing posture [18] .
Generally, the COM position of the individual body segments is estimated from changes in force plate readings taken in two different positions while lying on the board [1] . Firstly, force plate data are obtained with the arms alongside the trunk of the subject. Afterward, a body segment is displaced; for example, the right upper limb is flexed to 90°. This was carried out for the other upper and lower limbs. Then, head and trunk COM position was calculated with respect to the mid-hip position. Damavandi et al. [1] reported that errors of 1.2 and 2.8 mm in the average COP values had negligible effect on the calculated mass and COM values when a body segment COM position was changed by 5 and 10 mm, respectively. The method to estimate the mass and center of mass of body segments described by Damavandi et al. (2009) was tested in individuals with different body mass index (i.e., lean, normal and obese) to verify its sensitivity. All the segmental mass and COM values obtained from the force plate method were within the range of those of the other methods. COM offset is defined as the difference between the head and trunk COM and that of the whole body. COM offsets were calculated along the AP and ML axes. The resultant offsets consisted of the square root of the sum of the squared AP and ML offsets.
Quiet standing balance was tested using the AMTI force plate. The feet position was standardized by means of a wooden rig lying on the force plate [19] . With the subject standing barefoot, the heels were spaced by 23 cm and the midline of the feet pointing externally by 15°. Once the subject was in position, the rig was removed. Subjects were then asked to stand quietly with their arms on each side and focused on a target placed at 1.2 m ahead and located at eye level. Three trials of 30 s were performed at a sampling frequency of 64 Hz [12, 13, 20] . The AP and ML COP values were calculated from the forces and moments measured during the trial. From these, the COP range that corresponds to difference between the maximal and minimal COP values and the mean COP speed (sum of COP displacements/30 s) in both AP and ML axes were calculated for each trial. A large COP range is suggestive of standing imbalance [21] , while a high COP speed corresponds to a strong demand from the neuromuscular system [22] to avoid loss of balance.
ANCOVAs were performed on the AP, ML and resultant COM offsets as well as the AP and ML ranges and speeds with age, body mass and height as covariables. Post hoc analyses were carried out using a Bonferroni correction if a statistical difference was observed (P B 0.05). Coefficients of correlation were calculated between the three COM offsets and the four balance parameters for both groups with a statistically significant level of P B 0.05. Figure 1 illustrates the horizontal positions of the COM of the head and trunk segment with respect to that of the COM of the whole body for able-bodied and scoliotic subjects. The mean anteroposterior offset of the able-bodied group shown in Fig. 2 is oriented anteriorly (P \ 0.01) to the body COM by 11.0 ± 15.9 mm, while that of the scoliotic group is directed posteriorly at -17.3 ± 11.2 mm (P \ 0.01). The able-bodied group maintained their mean head and trunk segment COM more to the right (P \ 0.01) of the body COM by 14.1 ± 13.1 mm, while the headtrunk segment COM of the scoliotic group was nearly over their body centerline at -1.3 ± 9.6 mm (P \ 0.01). No statistical difference (P = 0.32) was observed in the resultant offset of the able-bodied (24.2 ± 12.1 mm) and the scoliotic (20.8 ± 8.2 mm) girls.
Results
The values of AP and ML center of pressure range and speed are given in Figs. 3 and 4 , respectively. Both the AP (P \ 0.01) and ML (P = 0.02) COP ranges were significantly higher by 45 and 29% for the scoliotic group than those of the able-bodied girls. Similarly, the AP (P \ 0.01) and ML (P \ 0.01) COP speeds were higher by 16 and 29% for the scoliotic group. Table 1 presents the coefficient of correlation between the body and trunk center of mass anteroposterior (AP), Fig. 1 Horizontal position of the center of mass of the head and trunk segment with respect to that of the whole body (offset in mm) in ablebodied and scoliotic girls mediolateral (ML) and resultant horizontal offsets and standing balance parameters. Generally, the coefficients of correlation were higher in the scoliotic group than in the able-bodied girls with the higher values obtained for the resultant offsets. None of the coefficients of correlation was statistically significant in the able-bodied group where their highest coefficient was 0.454. For the scoliotic girls, only the resultant offset was correlated with both the ML range (P = 0.01) and speed (P \ 0.01). After adjusting for age, weight and height, the significant correlations shown in Table 1 remain statistically significant.
Discussion
The first objective of this study was to test if the anteroposterior, mediolateral and resultant COM offsets were similar in able-bodied and scoliotic girls. Damavandi et al. [14] was the first to report body-head and trunk COM offsets in scoliotic girls and attributed the AP difference to a pelvic anterior tilt [23] and a backward trunk inclination [12, 24] . The smaller mean ML COM offset in scoliotic girls could reflect a compensatory action due to the spinal deformity leading to a backward COM shift to regain postural balance as suggested by Burwell et al. [25] . An important finding of this study is the lack of statistical difference in the resultant COM offset between the two groups. Though the head and trunk COM of the scoliotic and able-bodied girls are located, respectively, on either side of the whole body COM, their mean resultant distance from it are similar. It emerges that the trunk COM to body COM orientation plays a central role in trunk balance. This is clarified in part when examining the relation between the resultant COM offsets to the balance parameters. Statistically significant correlations between the COM offsets and the balance parameters were observed in the scoliotic girls. It appears that a posterior displacement of the head and trunk COM increases balance instability. This was observed by Allard et al. [13] in a group of ectomorphic scoliotic girls who were characterized by a hypokyphotic trunk attitude. Dalleau et al. [26] further suggest that standing imbalance in scoliotic subjects is related to an asymmetric control of the trunk about the vertical axis. Though correlations were found when the COM offset increased posteriorly, it seems that balance parameters are unaffected when the head and trunk segment is displaced anteriorly as was reported in the able-bodied group.
The ML range and speed were both statistically correlated to the resultant COM offset in the scoliotic group indicating not only an increase in standing imbalance, but also in the neuromuscular demand. This is supported by Gauchard et al. [11] who reported that the spinal deformity has an effect on lateral standing instability. The relation between the resultant backward COM offset and larger ML instabilities could be due in part to rib-vertebra angle asymmetry in association with a short lordotic segment as suggested by Burwell et al. [25] . Thus, in an attempt to realign frontal plane balance, a backward shift of the head and trunk COM occurs causing an increase in the ML neuromuscular demand. As Engsberg et al. [10] noted, the position and orientation of major body segments such as the relation between body and trunk horizontal center of mass offset could play a more significant role in body bracing or in preoperative decisions. To our knowledge, the relation of the head and trunk COM, whole body COM or their offsets with standing balance parameters have not been used to assess frontal and sagittal plane overall postural and standing balance in AIS. Though our subjects did not require bracing or surgery at the time of this study, the results seem to indicate that standing imbalance increases with COM offset. Since this offset is due in part to the spinal deformity, it is reasonable to assume that trunk realignment could be one indicator to consider prior to body bracing or in surgical planning, and to assess the amount of correction provided by a body brace or spinal instrumentation.
In light of these results, we suggest that the COM offset could be calculated to estimate postural imbalance prior to body bracing or in surgical planning, and to assess the amount of correction provided by a body brace or spinal instrumentation. The difficulty lies in estimating the head and trunk COM position, since the horizontal body COM can be calculated from force plate data, namely the average COP position. A first approximation can be obtained by applying the head and trunk segment COM position to the mid-hip to C7 ratio given by Damavandi et al. [14] for nontreated scoliotic girls. Although the ratio represents an approximation, Damavandi et al. [14] reported no statistical difference between the use of mean ratio values and the corresponding and measured trunk segment COM values.
Conclusion
The head and trunk COM of the scoliotic and able-bodied girls was found to be located, respectively, on either side of the whole body COM, posteriorly for the scoliotic group, whereas their mean resultant COM offset were similar in length. The small mean ML COM offset in the scoliotic girls was attributed to a compensatory action due to spinal deformity in the frontal plane, resulting in a backward COM offset to regain postural balance. This was supported in part by a concomitant increase in the resultant backward COM offset distance and ML neuromuscular demand. We recommend the use of the COM offsets as a means of evaluating postural balance in non-treated scoliotic girls and assessing treatment efficacy.
